Identifying the potentially suitable climatic geographical range for Liriodendron chinense (L. chinense) and predicting its responses to climate change is urgently necessary, as L. chinense is an important tertiary relict tree species. In this study, we simulated the potentially suitable climatic habitat of L. chinense in China using maximum entropy (MaxEnt) modeling. We found that the MaxEnt model was highly accurate with an average training Area Under the Curve (AUC) value of 0.912. Annual precipitation and mean temperature of the driest quarter are the main factors controlling the geographical distribution of L. chinense. Currently, the suitable climatic habitat of L. chinense is mainly located in Southeastern China. Forecasted patterns of predicted suitable climatic habitat show a significant change by the 2050s and 2070s, suggesting that the suitable climatic habitat of L. chinense would shift north with future climate change, based on four Representative Concentrations Pathways for carbon dioxide (CO 2 ) emissions. The southern extent of the current distribution would become unsuitable for L. chinense, pointing to a threat of extinction and highlighting the urgent need for conservation within the next half century. The potentially suitable climatic habitat of L. chinense was predicted to move further north, but those habitat gains may be inaccessible because of dispersal limitations. Our unique findings offer a climatic suitability map for L. chinense in China, which can help to identify locations where L. chinense may already exist, but has not yet been detected; to recognize locations where L. chinense is likely to spread in the future given forecasted climate change; and to select priority areas for its introduction, cultivation, and conservation.
Introduction
Biodiversity is generally accepted to be decreasing at an unprecedented rate [1, 2] . Among the many reasons for this, climate change is often regarded as one of the most significant drivers of the loss in biodiversity as it influences the growth and reproduction of species, thereby determining the natural distribution of species [3] [4] [5] . The Intergovernmental Panel on Climate Change estimated that the average global temperature, which has increased by 0.85 • C during the 20th century, will continue to increase by at least 0.3-1.7 • C and at most by 2.6-4.8 • C by 2100 [6] . This increase in temperature is often considered to negatively affect ecosystems, through habitat fragmentation, increases in disease outbreak frequencies, and increases in the extinction rate of endangered species [7] [8] [9] , although some studies have also found positive impacts on some species [10] . Therefore, to clarify the specific effects of climate change on species, as well as to mitigate the possible negative effects of climate change outside the environmental layers, we finally obtained 212 presence points of L. chinense to model its geographical range of potentially suitable climate in China ( Figure 1 , Table S1 ). Table S1 ). 
Environmental Variables
We collected 23 environmental variables, including 19 bioclimatic and four topographical variables, to model the potentially suitable climatic geographical range of L. chinense (Table S2) . Bioclimatic variables at 10 arc-minute resolution were extracted from the global database WorldClim [41] , which were derived from monthly temperature and precipitation from global weather stations during the period of 1950 to 2000. Elevation variables were also extracted from WorldClim with a spatial resolution of 30 arc-seconds, so we resampled the elevation raster into 10 arc-minute grid cells. Slope, northness, and eastness were calculated based on elevation using ArcGIS 10.3 (ESRI, Redlands, CA, USA), and thus had a spatial resolution of 10 arc-minutes. Northness and eastness indicate a breakdown of slope aspect (0-360 degrees) into two linear variables: northness = cos(aspect) and eastness = sin(aspect) [42] .
To predict the potentially suitable climatic habitat change under future climate change, we collected bioclimatic variables with a spatial resolution of 10 arc-minutes in the period of 2041-2060 (the 2050s) and 2061-2080 (the 2070s), based on the Intergovernmental Panel on Climate Change (IPCC) fifth assessment report from http://www.worldclim.com. To reduce the uncertainty arising from the single general circulation model (GCM), we used data from multiple different GCMs [2, 43, 44] including BCC-CSM1-1, CCSM4, GISS-E2-R, IPSL-CM5A-LR, HadGEM2-ES, MIROC-ESM-CHEM, MRI-CGCM3, and NorESM1-M. For each GCM, we downloaded bioclimatic variables for four Representative Concentration Pathways (RCP: 2.6, 4.5, 6.0, and 8.5). We assumed that four topographical variables remain unchanged over the next 70 years. With this method, a total of 32 predictions were separately completed for L. chinense in the 2050s and 2070s. The future potential spatial distribution of L. chinense was obtained by averaging results using the ensemble approach from those predictions.
Correlation Analysis and Principal Component Analysis
Multicollinearity of variables may violate statistical assumptions and cause over-fitting in species distribution modeling [45] , thus we removed the highly correlated variables. We calculated the Pearson correlation coefficient (r) with the "Band Collection Statistics" tool in ArcGIS 10.3 to check 
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Multicollinearity of variables may violate statistical assumptions and cause over-fitting in species distribution modeling [45] , thus we removed the highly correlated variables. We calculated the Table S3 ) and four topographical variables (the layers in Table S4 ), respectively [15] . We also calculated the Pearson correlation coefficient (r) by the "cor" command in R to assess the correlation among the 19 bioclimatic variables (the points in Table S5 ) and four topographical variables (the points in Table S6 ) of the 212 species' occurrence records, respectively [46] . Those 19 bioclimatic and four topographical variables were extracted from the corresponding layers using the "Extract Multi Values to Points" tool in ArcGIS 10.3. If a pair of variables were highly correlated (|r| ≥ 0.7), only the most ecologically meaningful variable were kept [47] . We found that the four topographical variables were not highly correlated with each other, and therefore were all included in the MaxEnt modeling.
To determine the most meaningful ecological bioclimatic variables for L. chinense, we extracted 19 bioclimatic variables to the 212 species' occurrence points and then performed principal component analysis (PCA) on this 212 by 19 matrices using the "princomp" command in R. The first three principal components obtained with the PCA explained 47.2%, 21.5%, and 14.6% of the variation in the spatial distribution of L. chinense respectively, for a total of 83.2% (Table S7 ). The bioclimatic variables with the highest factor loadings along the first three principal components were selected, including Bio8 (loading = −0.509), Bio4 (loading = −0.404), Bio9 (loading = 0.298), Bio12 (loading = 0.298), and Bio15 (loading = −0.219) (Table S8 ; Figure S1 ).
However, variables irrelevant to species distribution may be also highly associated with the principal components, which may create a false expectation of their relevance for species distribution modeling [48] . Therefore, we needed to check the relevance between the selected five bioclimatic variables and species distribution using expert knowledge on the biological characteristics of the species [49, 50] . Finally, we obtained the subset used for MaxEnt modeling, including temperature seasonality (TS), mean temperature of the wettest quarter (TWQ), mean temperature of the driest quarter (TDQ), annual precipitation (AP), precipitation seasonality (PS), elevation, slope, northness, and eastness.
MaxEnt Model
The potentially suitable climatic geographical range of L. chinense was simulated by using open access MaxEnt software (version 3.3.3) [26, 51] . Based on 212 occurrence records and nine environmental variables, each MaxEnt run randomly selected 80% of the points to train the model, and the remaining 20% of the points to test and validate the model. The MaxEnt model was set to run with five replicates, subsample replicated run type, and 10,000 random background points [44, 52, 53] . The MaxEnt model limits its complexity by regularization, which is a penalty for including additional constraints (e.g., variables) in the model [54] . The MaxEnt software uses a regularization multiplier to control the intensity of regularization and assigns its default value of 1. A lower regularization multiplier may result in an overfit prediction, while a higher value may result in a less discriminating prediction [26] . To select the most appropriate model, we compared different models built on a range of regularization multipliers: 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 [40, 54] . The best model was selected by the corrected Akaike information criterion (AICc) in the "ENMeval" package of R (R Core Team 2016, Vienna, Austria) [55, 56] . The area under the receiver operating characteristic curve (AUC) was used to evaluate how well this MaxEnt model was able to predict presence and absence [51] . A jackknife test was then used to evaluate the most important factors determining the potentially suitable climatic geographical range L. chinense.
The results of the MaxEnt model predicted the probability (0-1 range) of the presence of L. chinense. To delineate the predicted presence/absence map of L. chinense, this continuous probability was converted into a binary prediction. A pixel was considered as either suitable or not for the species, based on a threshold probability indicative of species presence. This threshold probability was generated using the "maximum training sensitivity plus specificity" criteria, which has been proven to be one of the best threshold selection methods [57, 58] . Sensitivity is the proportion of correctly predicted presences among all the presences, which is also called the true positive rate. Specificity is the proportion of correctly predicted absences among all the absences, which is also called the true negative rate. "Maximum training sensitivity plus specificity" optimizes the trade-off between sensitivity and specificity using the training data [59] . Those binary (suitable or not) distribution maps were then used to analyze the spatial range changes of L. chinense.
We analyzed the spatial range changes of L. chinense based on two aspects: changes in range area and range shifts along both latitudinal and longitudinal gradients. We defined "habitat gain" if the habitat was not suitable for L. chinense under current climate conditions but would become suitable in the future. If a habitat is suitable for L. chinense under the current climate but would no longer be suitable in the future, we called it "habitat loss". If a suitable habitat under the current climate would remain suitable for L. chinense in the future, we defined it as "unchanged". We then calculated the percentage of habitat gain or loss in the geographical range size of L. chinense between different time periods, which could lead to a conclusion of suitable climatic habitat contraction or expansion. To evaluate the latitudinal and longitudinal range shifts of L. chinense, we computed the centroids-the single central point-of the suitable climatic habitats of the current and future climate conditions using the "Zonal Geometry" tool in ArcGIS 10.3, and then calculated the difference in the centroids.
Results

Model Evaluation and Contribution of the Variables
The MaxEnt model for L. chinense provided satisfactory results, with an AUC value of 0.912 ± 0.015, which is higher than the 0.5 of a random model. The results of the jackknife test showed that AP and TDQ provided very high gains when used independently, indicating that AP and TDQ contained more useful information by themselves than the other variables ( Figure S2 ). The cumulative contribution of these two variables was 88.1% (Table 1) . Climatic variables cumulatively contributed 94.1% to the spatial distribution of L. chinense in China, while topographical variables contributed little, specifically 5.9%. 
Response of Variables to Suitability
The suitable climate of L. chinense was hump-shaped, with increasing TS, TWQ, TDQ, AP, and PS ( Figure S3 ). However, the climatic suitability monotonically decreased with increasing elevation, whereas it monotonically increased with increasing slope. TDQ ranged from −2.3 • C to 17.1 • C and AP ranged from 710 mm to 2875 mm, which are suitable for the spatial distribution of L. chinense.
Current Potential Geographical Range of Suitable Climate
Maximum training sensitivity plus specificity was applied to the presence probability of L. chinense, derived from the MaxEnt model, and the generated value of 0.215 was the threshold probability of presence. The predicted binary distribution map of L. chinense, with presence-only data and current climatic conditions with MaxEnt modeling, is shown in Figure 2 . The map shows that suitable climatic habitats of L. chinense were concentrated in Southeastern China, but also sporadically distributed across the northern coastal areas and the southwest border. Those suitable climatic habitats mainly include the southern parts of Liaoning, Beijing, Tianjin, Hebei, Anhui, Henan, Shaanxi, Guizhou, and Tibet; the northern parts of Zhejiang, Fujian, Jiangxi, Hubei, Hunan, Yunnan, Guangxi, Guangdong, and Taiwan; and Eastern Shandong. 
Future Potential Suitable Climatic Geographical Range
The future potentially suitable climatic geographical range of L. chinense under different climate change scenarios was relatively stable compared to its current status (Figure 3) . In both the 2050s and 2070s, the suitable climatic habitats were still centrally distributed in Southeastern China and sporadically distributed across the northern coastal areas (including the southern part of Liaoning, Beijing, Tianjin, and Hebei) and the southwest border (including the southern part of Guangxi and Tibet, as well as the northern part of Yunnan). However, the suitable climatic habitats showed a slight contraction in Anhui and Jiangxi under RCP 4.5-2070 (Figure 3d ). 
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The area of suitable future climatic habitat of L. chinense under different climate change scenarios showed a relatively stable but slightly increasing trend in China (Table S9) . Compared to its current suitable climatic habitat area (2.22 × 10 6 km 2 ), the future suitable climatic habitat area of L. chinense increased by 6.7%, 6.9%, 7.8%, and 8.7% under the RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5 scenarios by the 2050s, respectively (Figure 4) . By the 2070s, the suitable climatic habitat area continued to increase under the RCP 2.6 and RCP 8.5 scenarios, with increasing rates of 7.4% and 14.4%, respectively. Those suitable climatic habitat gains were centrally distributed in the belt of Qinling Mountains-Taihang Mountains-Changbai Mountains ( Figure S4 ). The future potentially suitable climatic geographical range of L. chinense under different climate change scenarios was relatively stable compared to its current status (Figure 3) . In both the 2050s and 2070s, the suitable climatic habitats were still centrally distributed in Southeastern China and sporadically distributed across the northern coastal areas (including the southern part of Liaoning, Beijing, Tianjin, and Hebei) and the southwest border (including the southern part of Guangxi and Tibet, as well as the northern part of Yunnan). However, the suitable climatic habitats showed a slight contraction in Anhui and Jiangxi under RCP 4.5-2070 (Figure 3d) . The area of suitable future climatic habitat of L. chinense under different climate change scenarios showed a relatively stable but slightly increasing trend in China (Table S9) . Compared to its current suitable climatic habitat area (2.22 × 10 6 km 2 ), the future suitable climatic habitat area of L. chinense increased by 6.7%, 6.9%, 7.8%, and 8.7% under the RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5 scenarios by the 2050s, respectively (Figure 4) . By the 2070s, the suitable climatic habitat area continued to increase under the RCP 2.6 and RCP 8.5 scenarios, with increasing rates of 7.4% and 14.4%, respectively. Those suitable climatic habitat gains were centrally distributed in the belt of Qinling Mountains-Taihang Mountains-Changbai Mountains ( Figure S4 ). 
Shifts in the Suitable Climatic Habitat
The shifts in the suitable climatic habitat of L. chinense under different climate change scenarios are shown in Figure 5 . The centroid (111.25° E, 29.45° N) of its current suitable climatic habitat is located in Northern Hunan. Generally, the suitable climatic habitat centroid expressed a northward tendency under all four scenarios: RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5. By the 2050s, the centroid of the suitable climatic habitat shifted 118.37 km northward under RCP 4.5. By the 2070s, the centroid moved 153.12 km northward under RCP 8.5. 
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Discussion
Identifying current and future species distribution is not only helpful for understanding the determinants of a species' distribution [60] , but also crucial for initiating management strategies for habitat conservation and species sustainability to address climate change [61, 62] . Species distribution model (SDM) is one of the most important tools for forecasting species distribution [63, 64] . Using climatic and topographical variables on a large scale, MaxEnt has generated successful simulations of spatial distribution and ecological niches for various species [65] . In this study, MaxEnt also performed well for L. chinense in China, with a reasonably good AUC value of 0.912, which is much better than the 0.5 of a random model.
Our model predicted that bioclimatic variables largely determined (94.1%) the spatial distribution of L. chinense in China, while topographical variables only determined a very small part (5.9%) ( Table 1) . This was consistent with the previous finding that climatic factors were much more important than topographical factors in determining the potential spatial distribution of species on a large scale [66, 67] . AP (49.1%) and TDQ (33.6%) contributed the most to the spatial presence of L. chinense, and the most suitable AP and TDQ for L. chinense were around 1797 mm and 7.4 • C, respectively ( Figure S2 ). This indicates that L. chinense favors moist and moderate temperature environments, which agrees with the previous finding that the relative humidity from February to April and the mean temperature from January to April play essential roles in determining seed set in L. chinense [31] . In order to consider AP and TDQ simultaneously, we randomly selected 1% of the points from the current and future suitable climatic habitat of L. chinense, and then extracted the AP and TDQ values to those points using ArcGIS 10.3 ( Figure S5 ). The scatter plot between the AP and TDQ values showed that regions with low TDQ and low AP and/or regions with high TDQ and high AP were suitable for L. chinense. This finding aligns with the characteristics of L. chinense, being deciduous and tall [31] .
Numerous studies have proven that the global warming would have a negative effect on the populations, communities, and ecosystems [68, 69] . For instance, Allen [70] found that increased global temperatures have negative influences on the distribution of woody plant species. Contrary to these studies, our study showed that climate warming would have positive effects on the suitable climatic habitat area of L. chinense, which was consistent with the study of the endangered medicinal plant (Homonoia riparia Lour) in Yunnan, China [46] . Compared to the belt distribution of the suitable climatic habitat gains of L. chinense, habitat losses were centrally distributed in an annular zone including Anhui and Jiangsu ( Figure S4 ), indicating a threat to the natural distribution of L. chinense and an urgent need for conservation.
The suitable climatic habitat of L. chinense was predicted to shift northward, corresponding to the climate change in the next century ( Figure 5 ). This finding was consistent with previous studies that have also found a northward shift in the spatial distribution of suitable species climatic habitat [44] . Species would shift their distributions to higher latitudes in response to warming climates, because temperature outside their thermal tolerance would decrease their capacity to survive [44, [71] [72] [73] . Although the suitable climatic habitat of L. chinense was predicted to shift northward, those habitat gains may be inaccessible because of dispersal limitations. High mountains, such as the Qinling Mountains, are located at the northern boundaries of the suitable climatic habitat of L. chinense ( Figure 3 ) and may therefore be a geographical barrier for the dispersion of L. chinense.
Despite finding an expansion in the suitable climatic habitat area of L. chinense with predicted future climate change, the stability and sustainability of its habitat will not be maintained unless conservation strategies are introduced for L. chinense. Several factors may be causing this threat, such as growth form, habitat specificity, and mode of reproduction, along with human impacts [65, 74] . Among these factors, human influence is widely accepted to be one of the major drivers of the population decline [75] . Population expansion and city advancement have been driving people to occupy and destroy forests, which is the direct and critical reason for the reduction in the habitat of L. chinense. In addition, the leaves and barks of the plant are useful in pharmacy and the trunk is useful for furniture commercial use, driving people to harvest L. chinense excessively and extensively.
The current and future potentially suitable climatic geographical range of L. chinense revealed in our study can help to identify sites for the reintroduction of the species and provide a scientific basis for future habitat management.
In this study, we explored how L. chinense responded geographically to climate change using MaxEnt modeling, a correlative model that only required readily available species' occurrence data and environmental information [18] . However, correlative models have been criticized because they are limited to a species' realized niche in a biological community [22] . The alternative ENM, the mechanistic model, determined species' fundamental niche by the physiology of organisms and thus could build a causal relationship between species distribution and interacting environmental variables [17] . Considering the respective advantages and limitations of both correlative and mechanistic models, future studies could integrate both models to provide a more accurate prediction of species responses to global climate change [17] . Physiological data derived from mechanistic models have been noted to be better parameters in correlative models than information derived from observed species occurrence records [17] . This study has left the issue of extending this combined modeling approach to future studies.
Conclusions
Liriodendron chinense is an important tertiary relict tree species with the urgent conservation demand. This study used the maximum entropy (MaxEnt) model to predict the potentially suitable climatic geographical range of L. chinense in China through integrating the observed occurrence records of L. chinense and corresponding climatic and topographical variables. Results of the MaxEnt model has identified the regions vulnerable to a threat of extinction and new areas for the potential introduction within the next half century, that can support conservation, restoration and management stratigies for L. chinense in China.
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